Background: Robotic mitral valve (MV) repair is the least invasive surgical approach to the MV and provides unparalleled access to the valve. We sought to assess technical aspects and clinical outcomes of robotic MV repair for isolated posterior leaflet prolapse by examining the first 623 such cases performed in a tertiary care center.
Introduction
Robotic mitral valve (MV) repair was introduced in the 1990s to reproduce previous excellent results of conventional MV repair while approaching the valve through ports and small incisions on the right chest. Other advantages of robotic MV repair include reduced need for blood transfusions, shorter postoperative stay, quicker return to full activity, and superior cosmetic results (1) (2) (3) (4) .
The robotic MV repair program began at our center in 2006. Herein we report the results of our first 623 robotic cases of MV repair for isolated posterior leaflet prolapse. We sought to evaluate the early in-hospital safety and effectiveness of this technique.
Methods

Patients
From January 2006 to November 2013, 623 patients with isolated posterior prolapse underwent primary robotic MV repair at Cleveland Clinic. The mean age of patients was 56.2±9.7 years and 529 (85%) were male ( Table 1) .
The data presented in this paper were derived from routine prospective data collection for quality and research by the Heart and Vascular Institute's Clinical Investigations group and were approved for use in research by the Cleveland Clinic Institutional Review Board, with patient consent waived.
Perioperative screening
At our center, the preoperative screening strategy includes coronary angiography or computed tomography (CT) angiography, transthoracic echocardiography (TTE) and CT scanning of the chest, abdomen, and pelvis for all patients. The robotic approach is not used if coronary artery bypass grafting is required. Intraoperative screening includes two-dimensional and three-dimensional (3D) transesophageal echocardiography (TEE). We have constructed our patient selection algorithm based upon different imaging studies obtained before the proposed robotic MV surgery ( Figure 1 ).
Surgical technique
Standard robotic MV repair was attempted in all patients (3) (4) (5) . Access ports were placed through the right chest, and the femoral artery and right internal jugular and femoral veins were cannulated for cardiopulmonary bypass. The ascending aorta was occluded either by an endoaortic balloon (n=156, 25%) or a Chitwood transthoracic clamp (n=467, 75%). The heart was then arrested with 1 L of Buckberg cardioplegia with repeated doses every 15-20 minutes, or with a single dose of del Nido cardioplegia.
Out of 623 patients, MV repair techniques included triangular/quadrangular posterior leaflet resection (79%), folding valvuloplasty (8%), sliding annuloplasty (35%), cleft closure (30%), and insertion of polytetrafluoroethylene (PTFE) chords (21%) ( Table 2 ). Concomitant atrial fibrillation procedures included the Cryo-Maze procedure (box lesion around the pulmonary veins and connecting lesion between the MV annulus and this box lesion) and left atrial appendage closure with two-layer 3-0 PTFE sutures ( Table 2) .
Outcomes
The technical performance, effectiveness, and safety of robotic posterior MV repair were assessed by evaluating operative times, intraoperative TEE, and in-hospital mortality and morbidity as defined for the Society of Thoracic Surgeons (STS) National Cardiac Database (see http://www.sts.org/sites/default/files/documents/STSAdult CVDataSpecificationsV2_81.pdf). In our study, conversion was defined as changing from the robotic approach to a conventional incision at the time of surgery.
Data analysis and presentation
Continuous variables are summarized as mean ± standard deviation, and categorical variables are summarized as frequencies and percentages. All analyses were performed using SAS statistical software (SAS version 9.4; SAS Institute, Cary, NC, USA).
Results
Preoperatively, all patients had significant mitral regurgitation and 34 (6.2%) had New York heart association class III/IV. 
Technical performance and effectiveness
Out of 623 patients with intent to repair, 622 (99.8%) underwent MV repair and only one (0.16%) converted to replacement. After an initial attempt at robotic MV repair, 8 (1.3%) patients were converted to sternotomy as a result of management of residual MR (n=3), bleeding (n=1), difficulties with surgical exposure (n=2), aortic valve injury (n=1), and aortic dissection (n=1). The mean myocardial ischemia and cardiopulmonary bypass time were 80.8±22.7 and 116±30.9 minutes, respectively.
Intraoperative post-repair echocardiography confirmed that all patients left the operating room with MR graded as mild or less, and pre-discharge echocardiography confirmed mild or less MR in 573 (99.1%).
Safety
There was no hospital death, sternal wound infection, renal failure, or complication of peripheral cannulation. Seven (1.1%) patients suffered a stroke, confirmed by both clinical examination and imaging (CT scan or magnetic resonance imaging), 11 (1.8%) patients underwent re-exploration for bleeding, and 111 (19%) experienced new-onset atrial fibrillation ( Table 3 ). The mean intensive care unit length of stay and hospital length of stay were 28.8±17.4 hours and 4.9±1.6 days, respectively.
Discussion
Key findings
This study demonstrates that robotic MV repair for isolated posterior leaflet prolapse is safe and effective with zero mortality, low risk of morbidity, and high procedural success. MV repair was achieved in almost 100% of patients, and 99.1% of these had mild or less MR at discharge. Technical and procedural improvements were achieved by having dedicated surgeons who were highly experienced in MV repair perform the operations, and applying the screening algorithm.
Technical performance and effectiveness
Modified cardiopulmonary bypass techniques and new instrumentation developed in the mid-1990s facilitated minimally invasive MV surgery. However, difficulties with using two-dimensional vision and challenges with the application of long-shafted instruments limited its adoption. The development of the da Vinci TM System (Intuitive Surgical, Inc., Sunnyvale, CA, USA) with telemanipulation and three-dimensional (3D) visualization augmented the surgeon's ability to perform minimally invasive MV surgery. Despite multiple studies confirming excellent results with robotic MV repair, concerns regarding efficacy and safety of this approach have slowed adoption of this technology.
Greater complexity of the robotic approach is attributable to port placement, management of cardiopulmonary bypass and myocardial protection, and also presentation of a learning curve which results in longer operative times compared to conventional approaches. However, these differences are not associated with clinical sequelae (3). Furthermore, increased surgeon experience resulted in identifying streamlined techniques, and modified patient selection criteria also improved outcomes over time, reducing the number of conversions and the incidence of perioperative stroke (6, 7) . Furthermore, long-term results of robotic mitral repair demonstrate that survival and durability are similar to those obtained with non-robotic approaches (3, 8, 9) .
Safety
Zero in-hospital mortality and low rates of morbidity in our study reaffirm the safety demonstrated in previous large series (8) (9) (10) (11) . Compared to non-robotic approaches, robotic MV surgery has been associated with a lower inhospital mortality, reduced blood loss, lower risk of wound infections, shorter postoperative length of stay, quicker return to normal activity, and superior cosmetic results (12) (13) (14) . Furthermore, the quality of valve repair was similar in propensity-matched cohorts to that performed through conventional approaches (12) . Concern over the higher risk of stroke with less invasive MV surgery that involved femoral artery perfusion remains an important issue (15) . However, we believe that retrograde embolization of atheromatous material, as well as embolization of air, debris from the left atrium, and clamping an atherosclerotic aorta are the likely sources of emboli. Preoperative CT scanning identifies patients at risk and axillary artery cannulation for cardiopulmonary bypass enables safer perfusion strategies in such patients (16) .
Limitations
This is a single-institution study with outcomes limited to the hospital course. We did not analyze the cost and resource utilization; however, previous studies demonstrate that the total hospital cost associated with the use of robotic MV surgery has now become similar to that for conventional approaches (17, 18) .
Conclusions
Robotic MV repair for correction of posterior leaflet prolapse is safe and effective. Ongoing development of new techniques will further enhance the efficacy and outcomes.
